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Epigenetic reprogrammingThe recent identiﬁcation of an intragenic differentially methylated region (DMR) within the last exon of the
bovine Insulin-like growth factor 2 (IGF2) gene provides a diagnostic tool for in-depth investigation of bovine
imprinting and regulatory mechanisms which are active during embryo development. Here, we used bisulﬁte
sequencing to compare sex-speciﬁc DNA methylation patterns within this DMR in bovine blastocysts
produced in vivo, by in vitro fertilization and culture, SCNT, androgenesis or parthenogenesis. In in vivo
derived embryos, DNA methylation was removed from this intragenic DMR after fertilization, but partially
replaced by the time the embryo reached the blastocyst stage. Among embryos developing in vivo, the level
of DNA methylation was signiﬁcantly lower in female than in male blastocysts. This sexual dimorphism was
also found between parthenogenetic and androgenetic embryos, and followed the donor cell sex in SCNT
derived blastocysts and is evidence for correct methylation reprogramming in SCNT embryos.© 2009 Elsevier Inc. All rights reserved.IntroductionGenomic imprinting is an epigenetic mechanism that regulates
transcription of imprinted genes in a parent-of-origin dependent
manner. Current understanding of mechanisms of genomic imprinting
stems primarily from studies in the mouse and has to be determined
in large animals, which have become well established alternatives to
the mouse as model organisms in biomedical research. Bos taurus has
become a widely used animal model with distinct advantages [1,2]. In
addition to having the same gestation length as humans and showing
the developmental timing in vitro, bovine embryos can be produced in
essentially unlimited numbers by in vitro fertilization of oocytes
obtained from slaughterhouse ovaries. Moreover, the efﬁciency of
bovine somatic cell nuclear transfer (SCNT) is higher than in any other
species (for review see [3]).
Methylation at carbon position 5 of cytosines adjacent to guanine
nucleotides (CpGs) is regulated to give germ cell speciﬁc methylation
patterns (for review see [4]) andwaves of erasure and re-establishmentmann).
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ll rights reserved.of methylation are observed during germ cell and early embryonic
development [5–7].Methylationmarks on imprinted genes are parent-
of-origin dependent, being speciﬁc to only one allele. These mono-
allelic methylationmarks are conﬁned to short regions of DNA that are
referred to as differentially methylated regions (DMRs). DMRs that
play a functional role in maintaining imprinting at a given gene locus
are referred to as imprinting control regions (ICRs). In the mouse, one
of the best studied DMRs that also is an ICR is the H19 DMR located
upstream of the H19 gene on chromosome 7 [8]. Deletion of the H19
ICR abrogates imprinting at the IGF2/H19 locus and leads to bi-allelic
expression of the IGF2 and H19 genes [9,10]. Methylation of DMRs is
erased and re-set during spermatogenesis and oogenesis to reﬂect
parental origin. After fertilization, DMRs are reprogrammed twice
(methylation is removed, but then replaced) except for ICRs which are
not reprogrammed (for review see [4]).
Three DMRs of the IGF2 gene are well characterized in the mouse.
Two are located upstream of the IGF2 gene (DMR0 and DMR1: [11,12])
and one is within the IGF2 gene (DMR2: [13]). The ICR upstream of the
H19 gene is also well characterized [14]. Characteristics of the mouse
DMRs have been observed in other mammals including pigs [14] and
cattle (Fig. 1A) [15].
DNA methylation differs between the sexes. Mouse embryonic
germ cell (EGC) lines derived from female primordial germ cells (PGC)
are more frequently non-methylated at the imprinted Insulin-like
growth factor 2 receptor (IGF2r) gene locus than their male counter-
parts [16]. Similar differences between the sexes were found at the loci
Fig. 1. A: Molecular structure of the bovine IGF2 gene. The mouse IGF2 gene consists of six exons and two additional pseudo-exons. Differentially methylated regions are indicated. By
contrast, the bovine IGF2 gene consists of ten exons (shown as open rectangular boxes 1–10). Transcription of the gene is initiated from four promoters (P1–P4) and transcripts are
alternatively spliced [45]. Exon 10 contains a differentially methylated region (DMR) that is hypermethylated on the paternal allele during spermatogenesis [14]. B: Methylation
status of the intragenic DMR during preimplantation development. The bovine IGF2 intragenic DMR undergoes demethylation after fertilization. While zygotes show 28%
methylation, it has been reduced to 6% in 4-cell embryos. By the time the embryo reaches the blastocyst stage, methylation has been brought back to a level of 10%. The primary data
from bisulﬁte sequencing experiments are shown. Open circles represent unmethylated CpGs, dark circles methylated CpGs; horizontal lines of circles represent one clone, and the
number of clones with the same methylation pattern is indicated at the right end of the lines. The same data are also shown as a bar graph after statistical analysis (one way ANOVA,
Dunn's method; ⁎p≤0.05).
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female EGC lines [17,18]. These ﬁndings were conﬁrmed in vivo for the
maternally expressed H19, and the paternally expressed Peg3 gene
[19]. In addition, comparison between XY and parthenogenetic (XX)
embryonic stem cell (ESC) lines revealed hypomethylation of the XX
lines at pericentric major satellite repeats and at DMRs of several
imprinted genes including H19 [20].Fig. 2. A: The intragenic DMR within the bovine IGF2 gene shows methylation patterns spec
collected in vivo differ in their methylation level at the IGF2 intragenic DMR. DNA methylatio
occurs in a sex-speciﬁc manner. This pattern has been correctly reproduced in SCNT blastocy
Open circles represent unmethylated CpGs, dark circles methylated CpGs; horizontal lines of
is indicated at the right end of the lines. The same data are also shown as a bar graph after sta
of parthenogenetic and androgenetic blastocysts. Parthenogenetic blastocysts, which are d
compared to androgenetic blastocysts, which carry two paternal genomes and are highly mWehave recently identiﬁed an intragenic DMRwithin the last exon
of the bovine IGF2 gene [15]. This DMR is completely methylated in
sperm, but only partially in oocytes, as seen in the homologous DMR in
mouse and pig [14,21]. In the mouse, the corresponding DMR (DMR2)
has been identiﬁed as a methylation-sensitive activator of expression
[22]. As imprinted genes are usually evolutionarily conserved in their
molecular structures and epigenetic modiﬁcations, even amongiﬁc to female and male blastocysts. Female and male bovine blastocysts that have been
n is less pronounced in female than in male blastocysts suggesting that re-methylation
sts. Primary data collected from bisulﬁte sequencing experiments are shown as circles.
circles represent one clone, and the number of clones with the samemethylation pattern
tistical analysis (one way ANOVA, Bonferroni t-test; a:b p≤0.05). B: Methylation status
iploid for one allele of the maternal genome, are methylated only to a minor extent
ethylated.
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speciﬁc DNAmethylationwas also conserved in cattle, and how stable
this sex-speciﬁc pattern was maintained in embryos produced by in
vitro techniques. To unravel this speciﬁc question, we collected in vivo
developing, in vitro fertilized, androgenetic and parthenogenetic
blastocysts and studied the DNAmethylation patterns of day-7 bovine
single female and male embryos by bisulﬁte sequencing. Speciﬁcally,
we asked whether DNA methylation at this genomic location was
subject to reprogramming in blastocysts reconstructed by SCNT.
Results
We analyzed DNA methylation patterns in zygotes, 4-cell embryos
and blastocysts to determine if the intragenic DMR within the bovine
IGF2 gene was subject to the wave of de- and re-methylation typical of
the mammalian genome following fertilization (for review see [4]).
These embryos were generated by in vitro production (IVP). DNA
methylation data for the IVP blastocysts were compared to data from
blastocysts collected in vivo. As shown in Fig. 1B, zygotes were 28.4
±3.8% (X±SEM) methylated and the methylation level decreased to
6.3±2.2% when these embryos reached the 4-cell stage. Re-methyla-
tion started around the 8–16 cell stage, in agreement with previous
ﬁndings [23]. An increased methylation level was observed in
blastocysts (10±0.7%). This ﬁnding was conﬁrmed in in vivo
blastocysts that were methylated to 10.2±1.2%. Thus in B. taurus,
the intragenic DMR of the IGF2 gene is demethylated between
fertilization and the 4-cell stage and re-methylation starts just prior
to blastocyst formation.
Next, we analyzed blastocysts that were collected in vivo by
uterine ﬂushing to study the degree of re-methylation in relation to
embryonic sex. Sex of the embryos was determined by PCR prior to
methylation analysis by bisulﬁte sequencing of the same embryos
(data not shown). Fig. 2A shows that male blastocysts were more
heavily methylated at the intragenic DMR than their female counter-
parts (29±2% vs. 15±1%). Thus, female and male bovine embryos
carry a sex-speciﬁc methylation pattern at this location with female
blastocysts being less methylated than male blastocysts.
Since allele-speciﬁc methylation patterns in the embryos which
are usually determined in imprinting analysis, could not be deter-
mined, we produced parthenogenetic and androgenetic blastocysts
for analysis (Fig. 2B). We found that the maternal DMR was
signiﬁcantly less methylated (parthenotes: 2±1%) than the paternal
DMR (androgenotes: 35±2%). Thus, in fertilized embryos with both
the maternal and paternal genomes, it is the paternal allele that
contributes most of the DNA methylation found at this DMR.
We then determined if DNA methylation at the intragenic DMR is
properly reprogrammed after SCNT and if the sex-speciﬁc pattern is
maintained. SCNT is frequently associated with severe perturbation of
methylation patterns at imprinted loci [24] (for review see [25]).
However, we did not ﬁnd any differences in DNAmethylation between
in vivo developing (10±0.7%) or SCNT derived blastocysts. Male SCNT
derived blastocysts were more heavily methylated (22±2%) than
their female counterparts (12±1%) and thus similar to in vivo
collected embryos (Fig. 2A). This study demonstrates that at the
blastocyst stage the overall methylation pattern of an embryo is
reprogrammed and the sex-speciﬁc differences are maintained in in
vivo and in SCNT derived embryos.
Discussion
Here, we have shown that the intragenic DMR of the bovine IGF2
gene is demethylated before the 4-cell stage, and is then partially re-
methylated prior to the blastocyst stage. Female blastocysts are less
methylated than their male counterparts at this locus. Importantly,
this stage- and sex-speciﬁc DNA methylation pattern is also
maintained in embryos generated with our SCNT protocol.In the mouse, the intragenic DMR (DMR2) located within the
last exon of the IGF2 gene is demethylated after fertilization [21].
We expected that this would also occur at the bovine DMR, and
therefore ﬁrst looked at the methylation levels of zygotes and 4-cell
embryos to determine whether this mechanism was conserved
between species. It was apparent that the bovine intragenic DMR
was also demethylated after fertilization as its methylation level
dropped from 28% in zygotes to 6% in 4-cell embryos. By the time
bovine embryos reached the blastocyst stage, their methylation
level had increased to ~10%. This methylation pattern was typical
for embryos produced by in vitro fertilization or developing in vivo.
Although the increase in methylation is rather small, it suggests
that re-methylation starts shortly before the blastocyst stage and
that this DMR may be fully re-methylated by the time of implan-
tation. In a study of global DNA methylation pattern, it was
shown that re-methylation of the bovine genome starts at the 8–16-
cell stage [23].
Bovine SCNT derived embryos are usually transferred into
surrogate mothers at the blastocyst stage. Insufﬁciently repro-
grammed female and male speciﬁc methylation patterns at the
IGF2 intragenic DMR in SCNT derived blastocysts could be related to
the Large Offspring Syndrome (LOS) which is a developmental
disorder affecting fetuses produced by SCNT in cattle, sheep and
mice. Affected offspring are often aborted during the second half of
gestation or die shortly after birth (for review see [26]) [27,28].
Several studies have shown that insufﬁcient epigenetic reprogram-
ming of the differentiated nuclear donor cell towards a pluripotent
(embryonic) state plays a major role in the pathogenesis of LOS (for
review see [29]). A human developmental disorder similar to LOS is
known as Beckwith–Wiedemann syndrome (BWS) (for review see
[30]). Interestingly, among monozygotic twins, predominantly
female twins are affected with BWS, showing hypomethylation of
KvDMR1 [31,32]. BWS and some human cancers have been
associated with abnormal IGF2 and H19 expression levels [33–36].
In cattle, aberrant IGF2 expression patterns appear to be caused by
the in vitro culture systems commonly used for in vitro production
and SCNT, and are thought to be involved in the development of LOS
[26,37].
The IGF2 DMR described in this study could be used to evaluate
SCNTand IVP embryos. All SCNT derived blastocysts in this study were
similarly methylated compared to their in vivo collected counterparts
indicating a normalmethylation pattern at this locus. It is possible that
DMRs are easier to reprogram than ICRs such as the H19 ICR, which
maintains its germ line methylation imprint while DMRs such as the
IGF2 DMRs, are demethylated after fertilization [6,21].
Epigenetic differences between female and male bovine blas-
tocysts produced in vitro have been reported to be related to mRNA
expression of developmentally important genes involved in DNA
methylation, methylation of minisatellite regions and telomere
length [38]. Our data show that the sex of the preimplantation
embryo is recognized during the re-methylation of DMRs, as female
and male embryos acquire different DNA methylation patterns.
Bovine female blastocysts were less methylated (15%) than male
blastocysts (29%), which is consistent with in vitro data from mouse
EGCs [16–18], mouse ESC lines [20] and in vivo collected female
murine PGCs [19]. In these murine EGC and ESC cell lines, female
cells were hypomethylated at several imprinted genes including
IGF2. The IGF2 DMR2 was more heavily methylated in male than in
female cells [18]. These observations suggest that DNA methylation
patterns are cell sex-speciﬁc and independent of the ovarian or
testis tissues to which the cells have been exposed. However,
Durcova-Hills et al. [19] recently, reported that the hypomethylated
state of female germ cells, collected in vivo, was not linked to the
cell's sex chromosome constitution, but rather to the demethylating
effect of the female genital ridge. By contrast, in male germ cells,
methylation was modulated by a combined effect of the genital
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role in methylating preimplantation embryos, the recognition
process must be different in the period shortly after fertilization.
The data presented here, suggest that methylation levels are based
on the constitution of the sex chromosomes. It has been postulated
that the two X chromosomes in female embryos trigger a signalling
pathway that induces a stronger repression of de novo methyl-
transferases than that occurring in male embryos, which carry only
one X chromosome [20]. The prominent repression of de novo
methyltransferases would result in the hypomethylation observed in
female embryos.
In conclusion, here we have shown that the DMR within the last
exon of the bovine IGF2 gene is demethylated after fertilization and
re-methylated before the embryo reaches the blastocyst stage. The
level of re-methylation depends on the sex of the embryo as female
blastocysts were hypomethylated compared to their male counter-
parts. This sex-speciﬁc methylation pattern (low in females, high in
males, mean of both alleles) was correctly reproduced in SCNT
blastocysts. Our data suggest that re-methylation of the DMR within
the bovine IGF2 gene is primarily regulated by the embryo's sex
chromosomes, although the molecular mechanism underlying this
process has still to be elucidated.
Materials and methods
Generation of bovine preimplantation embryos
In vitro bovine preimplantation embryos used in this study were
produced as described previously [39]. Cumulus oocyte complexes
(COCs) were isolated from slaughterhouse ovaries followed by in vitro
maturation, fertilization, chemical activation or SCNT and culture.
Conditions for in vitro maturation of COCs and in vitro culture of
embryos were the same regardless of the protocols used to generate
the different types of embryos (in vitro fertilized, SCNT, parthenogen-
esis, androgenesis).
In vitro maturation
TCM199 with L-glutamine and 25 mM Hepes served as basic
medium and was supplemented with 22 μg pyruvate, 2.2 μg NaHCO3,
50 μg gentamycin, 10 IU eCG, 5 IU hCG (Suigonan, Intervet, Germany)
and 0.1% BSA-FAF (Sigma, Germany). COCs were cultured for 24 h at
39 °C and 5% CO2 in a humidiﬁed air atmosphere.
In vitro fertilization (IVF)
After 24 h of maturation, frozen semen was thawed and prepared
for in vitro fertilization by the swim-up method [40,41] followed by
co-incubation with the matured COCs in Fert-TALP medium contain-
ing 10 μM hypotaurine, 1 μM epinephrine, 0.1 IU/ml heparin (HHE;
Serva, Germany) and 6 mg/ml BSA (Sigma, Germany). In vitro
fertilization took 19 h at 39 °C and 5% CO2 in a humidiﬁed air
atmosphere prior to removal of cumulus cells from the presumptive
zygotes and in vitro culture. Zygotes with two visible pronuclei as
observed with an inverse stereomicroscope with integrated DIC were
used for analysis of their methylation pattern.
Somatic cell nuclear transfer (SCNT)
Cumulus cells were removed 18–20 h after the onset ofmaturation.
Oocytes with a visible extruded ﬁrst polar body were enucleated by
aspirating the polar body and the MII plate prior to use as recipient
oocytes for somatic nuclei. Single adult ﬁbroblasts derived from
primary cell populations were transferred into the perivitelline space
of the recipient oocyte. The ﬁbroblast was fused to the oocyte by an
electric pulse of 1.2 kV/cm for 30 μs. This was followed by chemical
activation using ionomycin in TCM 199 (Sigma, Germany) for 5 min
and 3–4 h incubation in 6-dimethylaminopyridine in TCM 199 (6-
DMAP; Sigma, Germany) at 37 °C [39,42,43].Parthenogenesis (PA)
Cumulus-free oocytes were chemically activated 26 h after the
onset of in vitro maturation using ionomycin and 6-DMAP (6-
Dimethylaminopurin) [39].
Androgenesis (A)
Androgenetic blastocysts (n=4) were provided by the laboratory
of C. Galli, Cremona, Italy, and by our laboratory (n=3) using the
protocol from Lagutina et al. [44]. Brieﬂy, enucleated oocytes were co-
incubated with sperm for 17 h, then centrifuged in Percoll to
concentrate lipids at one cell side and visualize the pronuclei. The
male pronucleus was transferred from one oocyte into the perivitel-
line space of another pronuclear embryo. Reconstruction of embryos
was performed 20–22.5 h after the onset of in vitro fertilization by a
single electrical pulse of 1.2 kV/cm for 30 μs.
In vitro culture (IVC)
All embryos were cultured in synthetic oviduct ﬂuid (SOF)
containing BSA-FAF [45] in a modular incubator chamber (ICN
Biomedicals, USA) under reduced oxygen in humidiﬁed atmosphere
with 5% CO2 and 90% N2 at 39 °C. Embryos were frozen as zygotes, at
the 4-cell stage or as expanded blastocysts in a minimum volume of
PBS supplemented with 0.1% polyvinyl alcohol and stored at −80 °C
until use.
In vivo collected embryos
Expanded blastocysts were collected in vivo at day 7 of develop-
ment by a standard protocol consisting of superovulation, artiﬁcial
insemination and non-surgical ﬂushing of the uterine horns [39]. The
collected embryos were frozen and stored by the same protocol used
of their in vitro produced counterparts.
DNA isolation from preimplantation embryos
Genomic DNA from pools of 20 in vitro fertilized zygotes, ten 4-cell
embryos and single blastocysts was harvested as described by Hajkova
et al. [7] and Lopes et al. [46]. Brieﬂy, embryos and cells were boiled in
water for 10 min and digested by proteinase K (10 mg/ml) for 5 h at
55 °C. Genomic DNA was then isolated using the Phase Lock Gel™
system (PLG-heavy®; Eppendorf, Germany) and recollected by alcohol
precipitation. The DNA pellet was washed twice in 70% ethanol (Roth,
Germany) and air-dried prior to its re-suspension in 3 μl (zygotes, 4-
cell embryos) and 6 μl (blastocysts) of sterile water.
Sex determination of blastocysts
The sex of the blastocysts which were later analyzed for their
methylation patterns was determined using a duplex PCR assay [39].
One set of cow-speciﬁc primers (forward primer: 5′ AGGTCG CGAGAT
TGG TCG CTA GGT CAT GCA 3′; reverse primer: 5′ AAG ACC TCG AGA
GAC CCT CTT CAA CAC GT 3′) and one Y-chromosome speciﬁc primer
set (forward primer: 5′ CCT CCC CTT GTT CAA ACG CCC GGA ATC ATT
3′; reverse primer: 5′ TGC TTG ACT GCA GGG ACC GAG AGG TTT GGG
3′) was used to amplify 0.5 μl of re-suspended genomic DNA from each
blastocyst. Samples containing DNA from male blastocysts gave two
PCR products (cow-speciﬁc PCR product: 300 bp; Y-chromosome
speciﬁc PCR product: 210 bp) whereas DNA from female blastocysts
gave only the 300 bp PCR product of the cow-speciﬁc primer pair. PCR
was performed in a 50 μl reaction containing 1× PCR buffer
(Invitrogen, Germany), 1.5 mMMgCl2 (50 mM; Invitrogen, Germany),
200 μM dNTPs (10 mM; Amersham Biosciences Europe, Germany),
0.03 μM of the cow-speciﬁc primers (MWG Biotech, Germany) and
0.5 μM of the Y-chromosome speciﬁc primers (MWG Biotech,
Germany). The PCR program included an initial 3 minute denaturation
step at 95 °C followed by 2 min at 72 °C when 1 IU Taq Polymerase
(Invitrogen, Germany) was added to the reaction for a “hot-start”. PCR
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After 32 cycles, there was an additional 10 minute extension step at
72 °C before the samples were cooled to 8 °C. PCR products were
ampliﬁed in a hot lid PTC-200 Thermocycler (MJ Research, USA) and
later separated on a 2% agarose gel by electrophoresis.
Bisulﬁte sequencing
Bisulﬁte treatment was performed on aliquots of genomic DNA
equivalent to 20 in vitro fertilized zygotes, ten 4-cell embryos, and 0.5
sex-determined blastocysts as described recently by Hajkova et al. [7]
and Lopes et al. [46]. Brieﬂy, 3 μl of genomic DNA was digested by the
restriction enzyme EcoRI (New England Biolabs, Germany) and mixed
with 7 μl of lowmelting agarose (SeaPlaque®GTG®agarose, 20mg/ml;
Biozym, Germany). Single agarose beads were incubated in 2.5 M
bisulﬁte-hydroquinone solution pH 5 (Roth, Germany) for 4 h at 50 °C.
The intragenic DMR sequence within the bovine IGF2 gene was
ampliﬁed from the bisulﬁte treated genomic DNA by PCR. Primer
sequences and PCR conditions were the same as in a previous study
[15]. The ﬁrst round of PCR was performed in a 100 μl reaction
containing 1× PCR reaction buffer (20 mM Tris–HCl2 pH 8.4, 50 mM
KCl2), 1.5 mM MgCl2 (Invitrogen, Germany), 0.2 μM DNTPs (Amer-
sham Biosciences Europe, Germany) and 0.6 μM of each primer
(Bisulﬁte-10.1 forward: 5′ TGG GTA AGT TTT TTT AAT ATG ATA TT 3′;
Bisulﬁte-10.1 reverse: 5′ TTTAAA ACC AAT TAA TTT TATACA TT 3′; PCR
product size: 455 bp). An initial denaturation step at 95 °C for 5 min
was followed by 2 min at 72 °C when 1.5 U Taq polymerase (5 IU/μl;
Invitrogen, Germany)was added to the reaction. The primer annealing
temperaturewas 49.6 °C. After 40 PCR cycles, a 10minute extension at
72 °C was followed by cooling to 8 °C. Nested PCR was performed by
taking 2 μl of the ﬁrst round PCR products and repeating the reaction
for 35 cycles under the same PCR conditions as described for the ﬁrst
round PCR except that the nested primers were annealed at 49.1 °C
(Bisulﬁte-10.2 forward: 5′ TAA TAT GAT ATT TGG AAG TAG T 3′;
Bisulﬁte 10.2 reverse: 5′ ACA TTT TTA AAA ATA TTA TTC T 3′; PCR
product size: 420 bp). PCR products were cloned into the pGEM®T-
easy vector system (Promega, Germany), transformed into E. coli cells
(XL10 Gold; Stratagene Europe, The Netherlands) and sequenced.
Only sequences derived from individual bacterial clones were
analyzed.
Statistical analysis
As described in a previous study [15], 27 CpGs were analyzed
within the intragenic DMR of the bovine IGF2 gene. Sequences from
individual bacterial clones derived from two to six independent
bisulﬁte treated and PCR ampliﬁed DNA templates were included in
the study. First, the number of individual clones that were
methylated at each of the 27 CpGs was evaluated and methylation
percentages for each CpG site were calculated. The mean of these
percentages represented the overall methylation level of all 27 CpGs.
Descriptive statistics, and a one way ANOVA were performed using
SigmaStat 2.0 (Jandel Scientiﬁc, USA). Signiﬁcant differences
(p≤0.05) between groups were determined by multiple pair wise
comparisons.
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